The breakthrough in soft ionization methods for biopolymers, electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) (1,2), revolutionized mass spectrometry (MS). As a result of these effective bioanalytical technologies, the entire field of proteomics changed, and the use of mass spectrometers for protein identification by accurate mass measurements or de novo sequencing of the corresponding proteolytic peptides is now universally accepted. Bioanalytical techniques ideally aim for a maximum degree of unbiased analytical information hence, simplification of these techniques can become both more efficient and often more reliable. Such is the case with a new approach in the use of MALDI-MS.
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Mass Spectrometry
The primary sequences of peptides can be elucidated by fragment ion analysis, tandem mass spectrometry (MS/MS) analysis, and incorporating intelligent data interpretation programs. One of the major challenges in bioanalytical MS analysis has to do with the solubility of the protein or its peptides. If the peptide or protein binds to the wall of the tube due to low solubility, hydrophobicity, and/or precipitation, for example, the biooligomers or biopolymer will not be transferred with the rest of the sample to the MALDI plate. Membrane proteins and their peptides are often not characterized mainly because of their low solubility. Generally, ESI works better than MALDI for these applications.
Principles
MALDI is a MS method that depends on a laser primarily to desorb an analyte homogenously distributed in a matrix bed. The time-of-flight (TOF) analyzer operates on the principle that when a temporally and spatially well-defined group of ions of differing mass-to-charge (m/z) ratios are accelerated at the same applied electric field and allowed to drift in a region of constant electric field, they will traverse this region in a time that depends on their masses or m/z ratios.
Normally, the analyte is dispersed in a large molar excess of the matrix material (2), which is commonly a low molecular weight aromatic carboxylic acid with a chromophore that absorbs the incoming laser radiation at wavelength λ 337 nm. By isolating the analyte in a protective chemical environment, the matrix bed, the probability of ion formation of the analyte without fragmentation is enhanced.
A homogenous sample mixture is placed on the MALDI plate, which is then introduced into the MALDI source. Short laser pulses, which are focused on the sample spot, cause the matrix and therefore the sample to volatilize and ionize. The ion formation process may occur at any time during the MALDI process; however, the exact mechanism is not entirely understood. Several mechanisms have been discussed including gas-phase photoionization, excited-state proton transfer, ion molecule reactions, and desorption of preformed analyte ions. Regardless of the mechanism, however, only a small portion of the analytes undergo ion formation. The short laser pulses that desorb the matrix and sample are synchronized to the detector and thus serve as the start point for the TOF measurement of the ions.
The arrival of the ions at the end of the flight tube is detected and recorded by a high-speed recording device.
A very important aspect of MALDI-MS analysis is the proper preparation of the sample that requires some type of analytematrix preorganization, which in the past has been associated with co-crystallization. Many variables influence the analytematrix integrity and the success of MALDI analysis including the concentration of the matrix and analyte, choice of matrix, sample history, such as exposure to strong ionic detergents or formic acid, hydrophobicity or hydrophilicity of the sample, and contaminants, just to mention a few.
Solvent-Based Sample Preparation
In solvent-based MALDI-analysis (2) , an appropriate solvent is used to dissolve the matrix that is subsequently mixed either in the sample tube or on the MALDI plate with the sample solution. Hence, homogenization and transfer of the MALDI sample is based on a solvent or solvent mixture. A variety of different techniques are employed: dried-droplet (2) and thin-layer (3) are the most common ones. The solution on the MALDI plate is dried, leaving behind the sample co-crystallized within the matrix. The homogenization of the sample with the matrix at this stage is complete. Examples of dissolved MALDI samples may include solutions or suspensions. Crucial to the success of the analysis is that an analyte-and matrix-compatible solvent or solvent mixture is used. With the dried-droplet deposition, the analyte and matrix are mixed first in the dissolved state and then deposited on the MALDI plate. By evaporating the solvent, crystallization takes place according to the mixture components and their physicochemical characteristics. In the thin-layer deposition, the matrix is dissolved in acetone, and the solution is delivered onto the MALDI plate, whereupon the solvent is evaporated. The aqueous analyte solution is then applied onto the crystallized matrix layer on the MALDI plate. Miscibility of the analyte and matrix molecules is usually sufficient only at the boundary of the two layers. The thin-layer sample deposition protocol is therefore an advanced dried-droplet deposition protocol that minimizes inhomogeneities between the analyte and matrix in the solid state.
Solvent-Free Sample Preparation
Solvent-free methods generally consist of two steps: (i) dry homogenization, carried out mostly by mechanical mixing of sample and matrix and (ii) transfer of the resulting powder to the MALDI plate. In solvent-free MALDI-MS, at no point is the solvent used to mix analyte and matrix or during their transfer onto the MALDI plate; in the case of a dissolved sample, the sample is dried to completeness prior to mixing it with the matrix. Hence, homogenization and transfer of the sample in these approaches is not based on the solvent; the aqueous medium the proteins were originally dissolved in is unimportant. MALDI analysis is therefore simplified because fewer combinations and issues of compatibility or solubility must be considered. Two general methods were previously used for homogenization: (i) grinding by mortar and pestle (4, 5) and (ii) vigorous shaking by a ball mill (5,6). Ball-milling is carried out in a vessel, into which is added the matrix and sample to be ground, along with suitably sized balls preferably made of the same material as the vessel. Grinding takes place as a result of the interaction between the balls, particles, and grinding vessel wall. The technique works equally well on soft, medium-hard, and even extremely hard, brittle, and fibrous materials and still yields much finer particles than do other methods. Generally speaking, smaller balls and longer grinding times result in smaller particles. The loose powder sample is finally dry-transferred and, with a spatula, gently pressed to the MALDI plate (5, 6) . Another approach is to prepare a pressed pellet and attach it to the MALDI plate with doublesided adhesive tape (4, 5) . These are the two important examples of dry MALDI sample transfer. The important similarities and differences in the analytical results between these approaches are that the homogenization method does not have a significant effect, but the transfer method does (5). The loose powder approach, in contrast to the pellet variant, employs conventional shows only the two hydrophilic peptides and the low molecular weight (MW) hydrophobic peptide, but fails to detect the higher molecular weight hydrophobic peptide (Inset 4). The hydrophobic peptide (Inset 1) has a much greater tendency to attach metal cations than the hydrophilic peptides, which prefer proton attachment (Inset 2 and 3) independent of the method used (A or B). MBM-MALDI-MS, mini-ball mill matrix-assisted laser desorption/ ionization mass spectrometry; m/z, mass-to-charge ratio.
MALDI conditions including a large excess of matrix (5) that permits true matrix assistance, as evident by its capacity for high molecular weight analysis, molecular weight 100 kDa (5), which has not been observed in other solvent-free approaches.
Introduction of Solvent-Free Mini-Ball Mill MALDI-MS
The delay in the development of this method for biological samples is due mainly to the relatively high sample amounts required for solvent-free sample preparation. An efficient, low load sample preparation procedure was required to have any meaningful impact for the analysis of peptides and proteins that are almost always in very short supply. Substantial modifications to the loose powder method resulted in the mini-ball mill (MBM) approach (7), which is most efficient, requiring the least amount of sample and preparation time. Disposable containers (0.2-mL PCR tubes) are used, thereby avoiding carry-over. Mixing of analyte and matrix powder is performed with a mini-bead beater, a device that is commonly used in biological laboratories for cell homogenization or cellular cracking. If drying of the sample is involved, it is generally freeze-dried in the plastic tube, after which three metal beads (1.2 mm diameter) and matrix powder are added. The capped tube is placed in the original container that comes with the bead beater and placed in the two-dimensional (2-D) MBM shaker. The two axes of motion provide for efficient and thorough grinding, and the best results are obtained by applying a minimum amount of the fine powder to the MALDI plate with a spatula. The powder is then gently pressed to the plate spot with the flat edge of spatula producing a thin film and maximum area coverage. A gas stream from a container of difluoroethane is used for dusting off the excess powder and other dust particles, after which the MALDI plate is introduced into the chamber for analysis. Picomole sample amounts can be handled conveniently, and only 30 s of MBM homogenization is needed. Another advantage with the method is that matrix purity is not as critical as it is with methods that use solvents. 
-42). MBM-MALDI-MS/MS (B)
shows spectra for all four peptides with good fragment ion intensities. Solvent-based MALDI-MS/MS (A) yields spectra for the two hydrophilic peptides and the low molecular weight (MW) hydrophobic peptide, but fails to detect the higher molecular weight hydrophobic peptide (Inset 4). The quality of the MS/MS spectra of peptide 33-42 (Inset 1) and peptide 1-11 (Inset 2) are equally good, the MS/MS spectra of hydrophilic peptide NAC is much better with the solvent-based method than with the solvent-free method (Inset 4); we rationalize the differences on the basis of proton attachment to the peptide, which is generally easier obtained with the solvent-based analysis. MBM-MALDI-MS, mini-ball mill matrixassisted laser desorption/ionization mass spectrometry; m/z, mass-to-charge ratio.
The MBM approach easily allows for peptide mapping and other biochemical manipulations prior to sample preparation. For example, with a TOF-TOF instrument, the detection of the tryptic peptides of cytochrome c in the low-picomole range was performed by MALDI-MS; MS/MS measurements were performed for a selected ion in the medium-to high-picomole range with a m/z ratio of 964.6 (7). Accessibility of high molecular weight proteins via the MBM approach has been demonstrated with the successful analysis of bovine serum albumin, molecular weight 66 kDa (7) . But the most important advantage of any of these dry MALDI methods is their capacity for analyzing insoluble biomolecules and that the application of the MBM approach should significantly improve the quality of data in any analysis of proteins and peptides where the use of solvents creates difficulties, as for hydrophobic and solubility limited peptides and membrane proteins.
β-Amyloid Peptides
The role of cerebral amyloid β (A β ) accumulation in common forms of Alzheimer Disease has been widely studied and discussed. Despite the extensive amount of research that has been carried out, amyloid-precursor protein (APP) processing and A β accumulation is poorly understood. Mature APP is metabolized by two competing pathways, the α-secretase pathway generating sAPP α and C83, and the β-secretase pathway generating sAPP β . Both C-terminal fragments (C83 and C99) are substrates for γ-secretase generating the APP intracellular domain, and respectively, the secreted peptides p3 and A β . The latter is also known as β-amyloid peptide 1-42, which has the lowest solubility of any of the amyloid peptides; the low solubility of peptide 1-42 is believed to be a key property in the progression of the disease. A β aggregates to oligomers, which apparently are among the most potent neurotoxins. A β oligomers subsequently form the final stage, senile plaques, which are relatively low in neurotoxicity.
With the solvent-free MBM procedure (Reference 8 and unpublished data), the β-amyloid 1-11 could be analyzed with a detection sensitivity in the high fmol range for both MS and MS/MS. Mixtures of soluble β-amyloid 1-11, the non-β-amyloid component (NAC) peptide of Alzheimer Disease, and insoluble peptides 1-42 and 33-42 were prepared in molar ratios 3:1:1:1, 1:1:1:1, and 1:3:3:3. Analysis of the peptide mixture 1:1:1:1 demonstrates the relative performance of the two MALDI methods; the molecular ions of the mixture (Figure 1 ) and the fragment ions of the individual peptides (Figure 2) show that the soluble peptide 1-11 and NAC were detectable by both solvent-based and MBM-MALDI-MS, but the insoluble component, peptide 1-42, could only be detected by the latter, and it was detected in all three mixtures. The hydrophobic low molecular weight peptide 33-42 was sometimes detectable by solvent-based MALDI (e.g., in the 1:1:1:1 mixture; Figure 1, Inset 1) , that also allowed fragment ion analysis ( Figure 2, II) ; the MBM analysis always detected peptide 33-42. The results illustrate the greater reliability and potential utility of MBM-MALDI-MS, as solubility is not the limiting factor it is with solvent-based methods.
All four peptides in mixtures 3:1:1:1 and 1:3:3:3, irrespective of solubility, were correctly recognized by application of the Mascot database search routine to the results from automated MALDI-MS and MS/MS analysis when analyzed by MBM, but data from the solvent-based method yielded hits only for the two soluble β-amyloid peptides, peptide 1-11, and NAC. The hydrophobic peptide 33-42 (Figure 1, Inset 1) , has a much greater tendency to attach sodium and potassium ions than the hydrophilic peptides (e.g., peptide 1-11) (Figure 1, Inset 2) , as detected by both methods. However, this is a critical issue, as MALDI in general is highly sensitive to the presence of salts, which has led to desalting procedures in solvent-based methods that are also applied in the MBM approach. Desalting is especially important for enhanced MS/MS fragmentation, since protonated peptides dissociate better than sodiated species, as observed for hydrophobic peptides in general (Reference 8 and unpublished data). This procedure does not interfere with the important analyte-matrix arrangement of the MBM sample, if the solvent manipulation step is handled carefully (unpublished data). Sequence coverage of the tryptic peptide 1-42 was improved to 100% when the MBM sample was desalted and analyzed by the MALDI analysis, as compared to 67% using traditional solvent-based MALDI-MS.
Bacteriorhodopsin
Further evaluation of the MBM-MALDI-MS method was conducted with bacteriorhodopsin, an α-helical integral membrane protein (Reference 8 and unpublished data) that presents special problems. The study was focused on the degree to which the molecular weight could be determined and on the ability of the technique to map out peptides from this solubility restricted protein. A desalting procedure for the MBM sample directly on the MALDI plate was found necessary to minimize complexation of the protein with sodium and other cations (unpublished data). The superior results in comparison to the solvent-based procedure are apparent ( Figure 3 ) (8) . At least equally good results were obtained for the tryptic peptide mapping analysis comparing the MBM analysis with the traditional solvent-based method. Overall, the solvent-free MALDI approach can be viewed as having become a mature method for protein/peptide analyses.
Theoretical Aspects
Investigations of theoretical aspects of the MALDI process derived from solvent-free sample preparations have been pursued extensively (Reference 9 and unpublished data). It has been concluded that the incorporation of analyte in matrix crystals is not helpful for MALDI analysis but obstructive, since it is exactly the crystallinity of the matrix that makes the underlying process energetically more difficult, thereby requiring increased laser power, which can be a disadvantage (9) . In the analysis of hydrophobic peptides, it has been demonstrated that solvent-based analysis fails not only due to possible solubility limitations but also to insufficient ion production (unpublished data). Although as described above, the presence of salts is a disadvantage even in dry MALDI, as ion formation was promoted in dry MALDI analysis for the solvent-based MALDI-inactive hydrophobic tryptic peptide, T 17-42 , and even peptide, P 35-42 , of 1-42 by competitive metal adduction, which is a great success. Overall, the MALDI process is more effective, or softer, because of decreased crystallinity that results in improved contact between the analyte and the matrix (9) as well as with sufficient analyteappropriate ion formation (e.g., protonation of peptides and proteins) (unpublished data). It is well known that ESI-MS is the superior method for hydrophobic peptides and MALDI-MS for aromatic and hydrophilic peptides. These methods, in fact, have been proposed to be complementary, but with the solvent-free approach, a greater range of peptides and proteins should be analyzable by just MALDI analysis.
Conclusion
The uniqueness and widespread accessibility to MALDI mass spectrometers makes the solvent-free approach particularly important as it expands the capabilities for mass spectrometric analysis to peptides and proteins that previously may have been better suited for ESI-MS. Most likely, this solvent-free MALDI approach will be important for accurate mass measurements of solubility limited hydrophobic peptides and membrane proteins. This capability on its own has tremendous significance. Other aspects improved by the solvent-free MALDI method, include quantitative information on mixtures, hydrogen/deuterium (H/D) exchange studies, analysis of membrane proteins (Reference 8 and unpublished data), and especially a broadened repertoire in proteomics (10) . To accommodate this latter area, however, it will be essential to develop a more effective and efficient solvent-free homogenization and sample transfer approach to the mass spectrometer, mainly allowing for lower sample amounts, typically determined by gel bands or 2-D spots. Solvent-free sample preparation directly on the MALDI plate (11) seems to lead in the right direction.
